INTRODUCTION
One of the important practical geotechnical engineering issues is the accurate prediction of long-term ground deformation and associated residual displacements of civil engineering structures. To this end, the time-eŠects on the stress-strain behaviour of geomaterial should be understood correctly and properly. Even if the in‰uence of pore water pressure changes is not involved, the following two types of time eŠects should be taken into account (e.g., Di Benedetto et al., 2005; Tatsuoka et al., 2008) : the ageing eŠect, which can be deˆned as``changes with time in the intrinsic stress-strain properties due to time-dependent changes in interface and/or internal particle properties caused by a physico-chemical process'' and the``viscous or loading rate eŠect'', which can be attributed primarily to the``viscous deformation and sliding at inter-particle contact points and its eŠects on the structural stability of a given soil mass''. The viscous or loading rate eŠect is the topic of this paper.
A number of previous researches showed that, in various types of laboratory stress-strain tests, the stress-strain behaviour of unbound granular materials (i.e., sands and gravels) is rate-dependent even when eŠects of ratedependent changes in the pore water pressure are negligible with saturated soils or when the specimen consists of dried particles. Theˆndings from these studies can be summarized as follows: 1) Four basic viscosity types of geomaterial in shear, Isotach, Combined, TESRA and P&N, have been revealed . Figure 1 schematically shows the stress-strain curves for these viscosity types in relation to the reference curve, which is the inviscid stress-strain relation to be obtained by an imaginary monotonic loading (ML) test at zero strain rates. This viscosity type categorisation is made within a non-linear three component framework (Fig . Fig. 1 . Schematic stress-strain curves for four basic viscosity types of geomaterial in shear (after Tatsuoka et al., 2008a) : with the four viscosity types, the same stress-strain curve when ·e is equal to ·e0 as well as the same positive stress jump for a step increase in ·e by a factor of ten are assumed 2). The classical Isotach behaviour is deˆned by the viscous stress component (i.e., s v in viscous body V ) that depends on instantaneous irreversible strain and its rate. Then, the shear strength during ML tests increases with strain rate. This viscosity type has been observed mainly with more coherent geomaterials, such as sedimentary soft rock and plastic clays (Tatsuoka et al., 2004 (Tatsuoka et al., , 2007 . 2) A poorly gradedˆne angular sand, Hostun sand, either air-dried or drained saturated, exhibited a rather unique stress-strain curve in continuous ML plane strain compression (PSC) tests at constant but strain rates diŠerent by a factor up to 500 (Matsushita et al., 1999). Thisˆnding was reconˆrmed by drained triaxial compression (TC) tests on another type of poorly graded angularˆne sand, Silica No. 8 sand . With the same types of sands, signiˆcant creep deformation and stress relaxation took place in PSC tests (Matsushita et al., 1999) , TC tests (Matsushita et Moreover, in all of these PSC, TC/TE and TS tests, upon a sudden step change in the strain rate during otherwise ML at a constant strain rate, the stress exhibited a sudden jump that was followed by gradual or fast decay with the stress-strain curve rejoining the original one before a step change in the strain rate. (Tatsuoka et al., , 2004 . In addition: a) the eŠects of conˆning pressure and dry density on b13 are insigniˆcant in drained TC on Toyoura sand (Nawir et al., 2003) . Kiyota and Tatsuoka (2006) showed that the same deˆnition of b13 is relevant to both TC and TE stress conditions for Toyoura, Hostun and Silica No. 8 sands and also that the eŠects of over-consolidation on b13 are negligible (with Toyoura sand). b) Tatsuoka et al. (2006) , Tatsuoka (2007) and Enomoto et al. (2007) evaluated the eŠects of particle size, grading uniformity and particle crushability on b13 by performing a series of drained TC tests on a wide variety of granular materials. They showed that, for a wide range of the mean particle diameter D50 from 0.0013 to 7.8 mm, the eŠects of D50 on b13 are insigniˆcant except for saturated clay for which the eŠects of pore water on b13 are signiˆcant, and that the value of b13 tends to increase with an increase in the coe‹cient of uniformity as well as particle crushability. 5) Tatsuoka (2007 and Enomoto et al. (2007) also reported results from a set of TC tests performed on relatively round granular materials: a granulate composed of stiŠ particles of Aluminium Oxide (corundum) and natural poorly gradedˆne sands. As schematically depicted in Fig. 1 , another very speciˆc 299 VISCOUS BEHAVIOUR OF GRANULAR MATERIALS viscous response, named P&N, was observed: i.e., in the ML tests at a constant but diŠerent strain rates, the materials became stiŠer and stronger with a decrease in the strain rate. This surprising behaviour has been called``negative Isotach viscosity'', opposed to``positive Isotach viscosity''. In addition, the materials also showed a sudden`TESRA' increase (which is positive in its nature) in their viscous stress component upon a strain rate step increase, followed by decay with irreversible strain. DiŠerent from the TESRA viscosity, the stress decayed toward a residual value that is lower than the one that would have been obtained if ML had continued at the previous lower strain rate. These trends became more obvious after the peak stress state. This peculiar type of viscosity has therefore been called the Positive and Negative (P&N) viscosity. Despite these signiˆcantˆndings, the viscous behaviour in the post-peak regime and at the residual state is only very poorly understood. In view of the above, the present study aims at: 1) providing data from direct shear (DS) tests to obtain an overall picture of the viscous properties of granular material for a wide range of strain from the prepeak to the residual state; 2) evaluating the in‰uence of particle shape on the viscous properties of granular materials; and 3) quantifying the viscous properties of granular materials in DS and then relating them to those evaluated previously by TC and PSC tests.
DIRECT SHEAR APPARATUS (DSA)
The DSA has a number of inherent drawbacks, mostly originating from inevitably non-uniform stress and strain conditions associated with a progressive failure in the potential (horizontal) shear zone. Numerical studies of the deformation and failure of granular material in DS by FEM or more recently by DEM showed that the principal axes of distributed contact force and initial rupture zone mayˆrst develop diagonally, not horizontally from the specimen edges (Potts et al., 1987; Cui and O'Sullivan, 2006) . To minimize the eŠects of these inherent drawbacks and to match as much as closely to a``quasi-simple shear'' mode in the potential horizontal shear zone, attempts have been made to optimize the DSA design by modifying the conventional type (Jewell and Wroth, 1987; Shibuya et al., 1997; Lings and Dietz, 2004) . Referring to Fig. 3 , the conventional DSA is categorized into type A, whereas the improved types into types B and C. The major problems with type A concern: a) the rotation of the upper box; and b) the side wall frictions. That is, the normal load is applied to the centre of the top loading platen that is notˆxed against rotation. As a consequence, when subjected to lateral shearing, the distribution of normal stress along the central horizontal shear plane becomes inevitably biased (so does the shear stress) to maintain the equilibrium of moment within the specimen, which results in a more progressive mobilization of the shear strength along the central horizontal plane. Moreover, unless the vertical movement of the top shear box is free, the vertical load applied at the top loading platen becomes diŠerent from the value acting on the shear plane due to the vertical friction acting along the inner walls of the top shear box caused by the volume changes of the specimen. To alleviate these problems, the top loading platen isˆxed against rotation with types B and C. With respect to the side wall friction, the vertical load W is basically free from these eŠects in type B, whereas, with type C, the vertical load should be measured at the bottom of the lower shear box (Wlower in Fig.  3 ; Shibuya et al., 1997) .
The DSA used in this study (Fig. 4) is type B and was designed and constructed following the above mentioned considerations. The specimen size is 12 cm×12 cm×12 . Figure 5 shows results from a typical test on glass beads of D50＝0.2 mm. The total friction in terms of average horizontal shear stress tf acting at the bottom of the lower box is very low, about 0.5z of the average vertical stresses sv employed in the present study (i.e., 50 and 100 kPa). The friction load cells were used in the latter stage of the present study. The shear load measured with shear load cell (No. 10) was then corrected for this friction. Based on the results from these latter stage tests, the measured shear load were otherwise corrected for the similar tests performed at the initial stage of the study (before installing the friction load cells). The results from the tests performed before and after installing the friction load cells are essentially the same. 2) By independently controlling the air-pressures supplied to a pair of double-action air cylinders (No. 1) by means of a computer servo-controlled system, the over-turning moment caused by the applied lateral shear load is compensated to keep the upper shear box level and, at the same time, to maintain the average vertical load at a prescribed value. Therefore, the diŠerence between the normal loads applied by two air-cylinders becomes larger with an increase in the applied lateral shear load, as can be seen typically from Fig. 6 (for a test on Toyoura sand). Here, sv.rear and sv.front are the averaged local normal stresses obtained by dividing the normal loads applied by the air-cylinders with a half of the cross-sectional area of the specimen. sv.rear is much higher than sv.front and the ratio sv.rear/sv.front is aroundˆve at the peak stress state and subsequent states. Therefore, if the two air-cylinders apply the same normal load, the upper shear box should rotate signiˆcantly, associated with a signiˆcantly non-symmetric stress distribution of the vertical stress along the shear zone. The normal stress distribution along the central shear zone can become uniform only by keeping the upper shear box level (Shibuya et al., 1997 ). 3) A piece of sponge tape (No. 9) is glued to the lower periphery of the upper boxˆrstly to prevent sand from spilling out from the opening during shearing and secondly to prevent the inside volume of the shear box from increasing because of shear displacement so that the volume change takes place in the specimen due solely to the dilatation or contraction of sand. As sponge is easy to compress and swell, it exhibits negligible vertical and shear force unless it is extremely compressed. 4) The relative shear displacements between the upper and lower shear boxes, which are hereafter reported, were measured by using a laser displacement transducer (No. 11)ˆxed to the lower box with a target on the upper box. The lateral displacements of the lower shear box, which included errors due to the testing system compliance, were measured by using a LVDT xed on the bottom platen (No. 4'). Yet, the maximum diŠerence between the two measurements, which was observed at the peak shear stress, was very small, of the order of 0.3 mm. 5) The shear displacement was imposed in an automated way by using a high precision gear loading device driven by a servo-motor ( 0.598 0.835 (1) Used in drained TC in previous studies (see Fig. 29) . (2) Determined according to the guideline JSF.T 161-1990 edited by the Japanese Geotechnical Society. (3) Based on the data provided by the manufacturer (TGK Co. Ltd.). 
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GRANULAR MATERIALS TESTED
The granular materials tested in this study (Table 1 , Fig. 7 and Photo 1) are all poorly or uniformly graded. The following eight types of natural quartz-dominated sands from largely diŠerent origins were used: Toyoura (Japan), Hostun (France), Ticino (Italy), Silica No. 6a (Japan), Albany (Australia), Ottawa (Canada), Monterey (USA) and Silver Leighton Blizzard (SLB) (UK). The mean particle size D50 ranges from 0.16 to 0.68 mm. Toyoura, Hostun, Ticino and Silica No. 6a are relatively angular, whereas Albany, Ottawa, Monterey and SLB are relatively round. Glass beads having the following diŠerent sizes were also used as granular materials having an extreme particle shape (i.e., spherical): 0.05 mm, 0.07 Table 2 . List of the test conditions for the tests referred in this paper
Material
Dr0 (z) (1) sv (kPa) (2) Table 2 . All the specimens were dense and air-dried. The specimens of Toyoura sand were prepared by pluviating airdried particles from a hopper composed of four 1.5 mm sieves covering the whole area of the shear box. The specimens of the other types of material were prepared by multi-layer volume-controlled tamping: i.e. the specimen being divided into a number of sub-layers (typically 7 or 8), each sub-layer is successively tamped with a square steel rod very carefully so that the prescribed mass and height of the specimen is precisely achieved. All the tests were performed at a constant average normal pressure sv of 50 or 100 kPa. As typically seen from Fig. 6 , the value of sv was kept highly constant. The initial opening between the upper and the lower boxes was adjusted by placing a set of copper spacers having a prescribed thickness between the upper and lower boxes. The initial opening before consolidation was set between 10 and 20 times D50 of the respective materials. From the completion of the specimen preparation until the end of consolidation, the vertical and horizontal displacements and the shear and normal loads were continuously monitored to ensure a minimum disturbance of the specimen. During shearing, the tolerance for the feedback of the tilting of the top loading platen, detected as the diŠerence between the measurements of the two vertical LVDTs (No. 4 in Fig.  4 ), was ±0.004 mm. This value was determined based on the accuracy and response of the measuring and loading systems.
EXPERIMENTAL RESULTS
Angular Sands (Hostun, Toyoura, Silica No. 6a and Ticino) Figure 8 presents the stress ratio (tvh/sv＝RDS)-shear displacement (s) relations and the vertical displacement (d, positive in compression)-s relations from two tests on Hostun and Toyoura sands. These two sands have been extensively used in laboratory stress-strain tests at the University of Tokyo, the ENTPE and the Tokyo University of Science: Tatsuoka 2006) and in drained DS tests. In these studies, these two sands exhibited very similar mechanical behaviour and it is also the case in the DS tests (Fig. 8) . In these tests, the shear displacement rate · s was stepwise s may be seen. That is, in the pre-peak regime ( Fig. 8(b) ), immediately after · s is suddenly reduced by a factor 10, tvh exhibits a sudden decrease, which is followed by decay during the subsequent ML at a lower · s towards the stress level reached if the ML had continued at the previous higher · s. This trend of viscous behaviour, called the TESRA viscosity, can be observed similarly with both sands in the pre-peak regime. This test result is consistent with the one that has been observed in the drained TC and PSC tests Pham Van Bang et al., 2007; Matsushita et al., 1999) . If the shear strain takes place only in the shear zone, the average shear strain in the shear zone can be obtained by dividing a given shear displacement by the shear zone thickness. However, the actual strain distribution in the DS specimen is much more complicated and the shear zone thickness is not necessarily equal to the thickness of a single shear band (e.g., Wu et al., 2008) . Therefore, it was not attempted to evaluate the shear strains in the shear zone in the present study.
It was foundˆrst by the present study that the TESRA viscosity remains valid only until just after the peak stress state but the viscosity type gradually changes to another and this trend becomes more obvious at later stages in the post-peak regime toward the residual state (Figs. 8(c) and  (d) ). This another viscosity type is characterised by the residual shear stress observed during the subsequent ML at a higher constant · s being lower than the value that would have been obtained if the ML had continued at the previous lower · s without a step increase, and vice versa. As discussed earlier, this viscosity type has been called thè`P ositive and Negative (P&N)'' viscosity, as it comprises of a positive viscous component responsible for the temporary shear stress increase upon an increase in · s (or an increase in the shear strain rate), which always competes with a negative viscous component responsible for the lower residual shear stresses at a higher · s (or a higher shear strain rate). It is to be noted that the relevant parameter to describe the viscous shear stress decay is the irreversible (or inelastic) strain (or shear displacement) increment, not the general time increment Di Benedetto et al., 2001 ), for example, as seen from Figs. 2 and 8(b) , the decay rates of the shear stress decrease that has taken place upon step decrease in · s (or the shear strain rate) with shear displacement (or shear strain) is nearly the same for diŠerent values of · s , but the decay rates with time are totally diŠerent (i.e., by a factor of 10 in the case of Fig. 8(b) ). Figure 9 shows results similar to Fig. 8 , from the DS tests on two others relatively angular sands, Ticino and Silica No. 6a. The same trends of viscous behaviour can be seen as Hostun and Toyoura sands: i.e., a progressive transition from the TESRA viscosity in the pre-peak regime to the clear P&N viscosity at the residual state. The P&N viscosity is not totally new. That is, a similar trend of P&N viscosity has been observed in the pre-peak regime in drained TC tests . The P&N viscosity (a fortiori the TESRA viscosity) has also been recognised as one of the possible friction laws in Geophysics. Constitutive rate and state-dependent friction laws (such as so-called Dieterich law, Ruina law or PRZ law) have been introduced since the 1980's to initially simulate the rock friction then the gouge friction and the sliding stability of solids (e.g., Marone, 1998; Rice et al., 2001) based on results from related experiments. In the experiments, the gouges were often simulated by thin layers of granular quartz sand and their frictional characteristics were evaluated by means of an annular simple shear apparatus (Chambon et al., 2002 ) and a DSA (Mair and Marone, 1999) . They have reported remarkable similar trends of shear displacement rate-weakening friction at large shear displacements as observed in the present study. However, a transition of viscosity type with shear displacement (or shear strain) and possible eŠects of particle shape on the viscosity type and transition pattern have not been reported.
From Figs. 8 and 9 , it may be seen that the d-s relationship exhibits insigniˆcant or little rate-dependency. This feature is discussed in detail later.
Quantiˆcation of viscous properties: By referring to Eq. (1), the viscous properties observed in the DS tests were quantiˆed by the following parameters (Fig. 10 , in the case of a step increase in · s ): conditions in this study. ( bDS)r is the residual rate-sensitivity coe‹cient (Enomoto et al., 2007) , where D(RDS)r denotes the residual value of DRDS after it has fully decayed during the subsequent ML. u is the viscosity-type parameter: i.e., u＝0 for the TESRA viscosity and uº0 for the P&N viscosity, while u＝1.0 for the classical Isotach viscosity. Note that any value below 1.0 is possible.
The values of bDS and ( bDS)r, therefore the value of u, are not necessarily constant in a given DS test as seen from Figs. 11 and 12. In these and other similarˆgures, the range of the data is indicated by a band to illustrate the general trend. The peak stress strange deˆned by R DS values larger than around 80z of the peak value is also indicated. From Figs. 11 and 12 , one may note the following similar trends: a) bDS is kept rather constant for a wide range of s except for Silica No. 6a sand, with which b DS gradually decreases with s ( Fig. 12(a) ). Yet, the variation is much smaller than that of ( bDS)r. b) ( bDS)r and therefore u show a clear transition from essentially null values (i.e., the TESRA viscosity) until around the peak stress state towards negative values (i.e., the P&N viscosity) in the post-peak regime. Then, these parameters are kept rather constant at the residual state.
Round Sands (Albany, SLB, Ottawa and Monterey)
The test results for Albany, SLB sands and Ottawa, Monterey sands are presented in Figs. 13 and 14. In these tests, the P&N viscosity is obvious already in the pre-peak regime and around the peak stress state (Figs. 13(b) and  14(b) ). With Albany sand, this trend is consistent with the one in the TC test (Tatsuoka et al., 2008) . However, in the post-peak strain-softening regime (Figs. 13(c) and  14(c) ), the viscous property gradually becomes very peculiar, of which the trend is more obvious at the residual state (Figs. 13(d) and 14(d)) ; that is: a) Despite that t vh suddenly increases upon a stepwise increase in · s, the increase is noticeably smaller than the one with relatively angular materials (Figs. 8 and  9 ). b) Immediately after a sudden increase in tvh (as described above), t vh exhibits a sudden and large temporary drop towards a value much lower than the subsequently observed residual strength (i.e., unstable behaviour). This stress drop is associated with a strong contraction of the material. c) Subsequently, t vh gradually recovers towards the residual value, which is however still lower than the value that would have been obtained if ML had continued at the previous lower · s. s, a clear P&N viscosity response is exhibited without the unstable behaviour described above, as relatively angular sands. The trends a, c and d indicate that the basic viscosity type in the post-peak regime and at the residual state of these relatively round sands is still the P&N viscosity. On the other hand, the trend b (unstable behaviour) is obviously a diŠerent phenomenon. Moreover in the case of Albany and SLB sands, as indicated by a notation SD in Fig. 13(c) and (d) , similar sudden and signiˆcant shear stress drops, associated with a strong contraction, occurred occasionally during otherwise continuous ML at a relatively low · s. Therefore, it is very likely that this unstable behaviour, followed by stress recovery, is not a viscous response of the sand but is linked to the so-called stick/slip phenomenon (discussed later). Figures 15 and 16 show how bDS, (bDS)r and u change with s in the DS tests on, respectively, Albany and SLB sands and Ottawa and Monterey sands. Unlike relatively angular sands, the increase in tvh upon a step increase in · s is sometimes very di‹cult to deˆne when compared with the decrease in tvh upon a step decrease in · s. Thus, the bDS value (therefore the u value) was evaluated based on only the sudden decrease in tvh upon a step decrease in · s. On the other hand, the values of ( bDS)r were evaluated based on both increases and decreases in the residual shear stress upon step increases and decreases in · s. The following trends may be seen from theseˆgures: 1) bDS is rather constant for a wide range of s over diŠerent regimes (i.e., pre-peak, post-peak and residual), similar as the relatively angular sands. 2) ( bDS)r is consistently negative with all these relatively round sands, compared with consistently positive values of bDS. 3) ( bDS)r of the relatively round sands is generally noticeably lower than the relatively angular materials, resulting in relatively lower negative values of u. 4) ( bDS)r, therefore u, is rather constant over a whole range of s in the present study with Albany sand )), ( bDS)r, therefore u, decreases with s at large rates around the peak stress state, in a similar way as the relatively angular sands. These facts reconˆrm that the viscosity type of these relatively round sands is basically of the P&N type as the relatively angular sands in the post-peak regime and at residual state, although the parameters representing the viscosity are quantitatively diŠerent. 
Spherical Granular Materials (Glass Beads)
A series of DS tests were performed on glass beads of diŠerent particle sizes (i.e., uniform spherical granular materials). Figures 17(a) , (b) and (c) show the test results for D50＝0.4 mm. It may be seen that signiˆcant shear stress drop occurs repeatedly and frequently, which is systematically associated with a contraction of the specimen, from slightly before the peak stress state until the residual state. Each stress drop is immediately followed by its recovery associated with dilation. At the residual state, the shear stress drops signiˆcantly even from the so-called residual shear strength towards a lower value.
This result indicates that the force chains in the shear zone are somehow destructed in this event. These trends can be explained by a very simple physical model shown in Fig. 18 . In the course of shearing, an assembly consisting of uniform spherical particles would exhibit a sudden drop in the shear stress when particles slide over the crest of the neighbouring particles towards the adjacent pore space (i.e., slip eŠects associated with volume contraction). Then, the shear stress would be recovered by thè`c limbing'' of the same particles towards the crest of the next neighbouring particles (i.e., stick eŠects associated with volume expansion). This phenomenon is basically rate-independent.
The following may be conceived from the above: a) The frequency of this event per shear displacement is inversely proportional to the particle size. b) The minimum value of RDS in the respective events can be interpreted as the coe‹cient of physical friction at the inter-particle contact points. Then, the shear stress drop in the respective events is independent of particle size. c) The amount of specimen contraction is proportional to the particle size. To examine these inferences, other DS tests were performed on glass beads having diŠerent particle sizes: i.e. continuous ML tests on glass beads of D50＝0.2 mm and 0.1 mm (Figs. 19(a) (Fig. 17) These test results indicate that the inference a) is rather relevant: i.e. the minimum shear displacement interval between two consecutive events at the residual state decreases with a decrease in D50, being 0.118 mm (for D50 ＝0.4 mm); 0.075 mm (D50＝0.2 mm); 0.074 mm (D50＝ 0.15 mm) and 0.048 mm (D50＝0.1 mm). On the other hand, the latter part of the inference b) is not relevant, which is due seemingly to the following factor. That is, for given dimensions of DSA, the number of uniformly graded glass beads decrease inverse-proportionally with an increase in the particle diameter. With a decrease in the number of particles of a given assembly, the probability that a su‹cient amount of particles are arranged in the same conˆguration to undergo simultaneous loss of stable inter-particle contacts, therefore resulting into unstable global stress-displacement behaviour, increases and vice versa. Figure 20 shows the relationships between the average ratio of the shear stress drop to the instantaneous shear stress, ( DRDS)drop/RDS, and D50 from the DS tests on the uniform glass beads. A trend that the stress drop increases with an increase in the particle size is obvious, conˆrming the inference cited above. Also plotted in Fig.  20 are the data of the poorly graded natural sands tested in the present study; the trend of the stress drop increasing with the particle size is not noticeable. The diŠerent trends between the glass beads and the relatively round natural sands can be attributed to the fact that the particle shape of the relatively round natural sands is not spherical and the grading is not as uniform as the glass . Flow characteristics at the peak stress state, Ticino sand (relatively angular) (see Fig. 9 ) 311 VISCOUS BEHAVIOUR OF GRANULAR MATERIALS beads. Furthermore, the stress drop is consistently none with the poorly graded relatively angular natural sands. We can therefore conclude that the possibility of the occurrence of the unstable global behaviour increases with a decrease in the number of particle for a given mass of granular material associated with an increase in D50, with an increase in the roundness of particle and with a decrease in the uniformity coe‹cient. Finally, the inference c) was di‹cult to examine, as the specimen volume variations in the respective events were too small to evaluate conˆdently this issue.
In view of the above, it is likely that the unstable global behaviour observed with the poorly graded relatively round natural sands is due to the stick/slip phenomenon‚ This phenomenon is however aŠected by a complicated coupling between the particle size, the specimen size, · s and sv. It is also not yet understood why the stick/slip phenomenon occurs more systematically when suddenly increasing · s.
Flow Characteristics
The ‰ow characteristics (i.e., the relationship between the ratio of irreversible vertical displacement rate to irreversible shear displacement rate, &d ir /&s ir , and the instantaneous stress ratio, R DS ) for the diŠerent types of granular material are examined below. In the following, &d/&s is analysed in place of &d ir /&s ir , because they are very similar except for the initial stage.
Figures 21 and 22 present a set of local RDS-d, RDS-s and d-s plots, related to each other, around the peak stress and residual states, typical of relatively angular sands. From Fig. 21 , one may note that &d/&s is insensitive to the respective step changes in · s: for example, in sections S to F, no discontinuity is observed in the &d/&s value along the d-s relation when t vh exhibits signiˆcant jumps. This fact supports the framework of the nonlinear three-component model (Fig. 2) , for which the ‰ow rule should be described in terms of the non-viscous (inviscid) stress (s f ), not in terms of the total stress (s＝s
. This remains valid also in the post-peak softening regime (Figs. 8(c) and 9(c)). Hostun and Toyoura sands do not exhibit any signiˆcant variations in the value of &d/&s upon a jump of tvh either at the residual state ( Fig.  8(d) ). However, as can be seen from Fig. 22 , with Silica No. 6a sand, at the residual state, the ‰ow characteristics are not controlled fully by the instantaneous inviscid stress nor by the instantaneous total stress: for example, for the same total stress at points a and b, the value of &d/&s at point a is signiˆcantly larger than the one at point b. In summary, it is likely that the ‰ow characteristics are basically controlled by the instantaneous inviscid stress but may become noticeably stress-history dependent at the residual state.
The same trends of ‰ow characteristics as mentioned , once the stick/ slip phenomenon becomes active, the ‰ow characteristics become totally diŠerent (Fig. 23) . The RDS-d relation during the stick/slip phenomenon is highly reversible.
Creep Deformation
Two tests including creep periods were conducted on a relatively angular and relatively round sands having similar values of D50, Hostun and Albany sands (Fig. 24) . It may be seen that both sands exhibit noticeable creep strains while the creep strain during otherwise the same conditions is smaller with relatively round sand which exhibits P&N behaviour (Albany sand) than with relatively angular sand which exhibits TESRA behaviour (Hostun sand). Similar observations in TC were reported by Tatsuoka (2007) and Enomoto et al. (2007) . Analysis of these trends by the model (Fig. 2) is reported by Kongkitkul et al. (2008) .
COMPARISON AMONG VISCOUS PROPERTIES IN DS, TC AND PSC
As mentioned in Introduction, a number of previous studies (e.g., Tatsuoka et al., 2002 Tatsuoka et al., , 2006 Kiyota and Tatsuoka, 2006) have shown that the viscous properties are consistent under the PSC, TC and TE test conditions when expressed by the rate-sensitivity coe‹cient b13 dened as R13＝s1/s3 (Eq. (1)). In the following, it is examined whether the viscous properties observed in the DS tests quantiˆed as b DS (Eq. (2a)) are consistent with the values of b13 (Eq. (1)) evaluated by the TC and PSC tests.
To the end described above, the magnitudes and directions of the principal stresses, s1 and s3, in the DS tests were estimated from the measured shear and normal stresses, t vh and s v , on the horizontal planes by introducing a couple of assumptions. Theˆrst assumption is that, except for the initial small strain level, the principal axes of stress and irreversible strain increment are co-axial (Davis, 1968) . This assumption was validated by simple shear tests on rectangular prismatic specimens of sand using the Cambridge Simple Shear Apparatus in the late 60's (Cole, 1967; Stroud, 1971 ) and later by torsional simple shear tests on hollow cylindrical specimens of sand using a torsional shear apparatus (Pradhan et al., 1988a, b) . It is assumed hereafter that the deformation in the shear zone in the DS specimen is under the simple shear condition and the strain increments are nearly the same as the irreversible strain increments. Figure 25(a) shows the Mohr's circle of incremental strain in soil under the simple shear conditions. By assuming the co-axiality, the Mohr's circle of stress can be constructed for the principal direction of strain increments determined by a given dilatation angle c (＝arctan s -_d/ · st ) (Fig. 25(b) ). Another assumption is necessary to determine the Mohr's circle of stress after a shear stress jump upon a stepwise change in · s. The following two possible assumptions were considered: 1) The dilatancy angle remains constant while the coaxiality between the principal directions of stress and irreversible strain increment is maintained. The Mohr's circle of stress immediately after a shear stress jump can then be constructed ( Fig. 26(a) ).
2) The stress-strain behaviour during a shear stress jump immediately after a step change in · s is essentially elastic due to a very high changing rate of · s. This inference is supported by the predictions based on the non-linear three component model ( Fig. 1): i.e., · s ir can change only at a rate that is much lower than a given · s, immediately after a step change in · s. Then, the total lateral stress sh is kept nearly constant when the shear stress jumps by Dtvh under the constant normal stress (s v ). Then, we have another Mohr's circle of stress ( Fig. 26(b) ). Two diŠerent sets of the principal stress increments Ds1 and Ds3 obtained based on these two assumptions result in two diŠerent values of b13: b13 (c) and b13 (e) , as detailed in APPENDIX A. It seems that the actual behaviour is in between these two cases. As the measured diŠer-ence is not signiˆcant (as shown below), it is very di‹cult, if not impossible, to examine which of them is more relevant. For this reason, the results obtained by these two assumptions are equally presented below. Figure 27 shows the relationships between the ratio of the rate-sensitivity coe‹cients (Eq. (1)), b13
(c) and b13 (e) , as a function of RDS＝tvh/sv, and the dilatancy angle, c, according to Eq. (A11) (APPENDIX A). The two assumptions give the same result (i.e. b 13 (c) /b 13 (e) ＝1.0) at the residual state, where c is essentially zero. It can be seen that the ratio b13 
where R p is the stress ratio R DS at the peak state; R r is the stress ratio RDS at the residual state; sp is the shear displacement at the peak state; sr is the shear displacement at the residual state; n and m are two constants; and k is another constant equal to 100. c) An analytical expression of the RDS-c is obtained by combining steps a) and b), which is then incorporated into Eq. (A10b) to obtain continuous data points of the ratio b13 (e) /bDS. These multiple steps were necessary to capture as closely as possible the continuous change in the ratio b13 (e) /bDS with the dilatancy angle c.
It may be seen from Figs. 28(a) and (b) that, in the respective tests, the ratio b13 (e) /bDS varies noticeably when the stress state moves from the peak state towards the residual state. This fact is taken into account in the following when comparing the values of b13 (e) and b13 (c) from (c) and b13 (e) from the DS tests performed on the glass beads are those evaluated around the peak stress state. This is because, with most types of glass beads tested in the present study, it was very di‹cult to conˆdently deˆne stable bDS values at the residual state due to the signiˆcant rate-independent unstable behaviour that took place frequently. The ranges of b13 (e) (Fig. 28(b) ) and b13 (c) from the post-peak regime towards the residual state are also indicated. The following trends may be noted: a) With all the poorly-graded granular materials examined, the ranges of b13 from the DS, TC and PSC tests are very similar. This fact indicates that the quantiˆcation of viscous properties by b13 (Eq. (1) (c) and b13 (e) at the peak stress state and their lower bounds in the postpeak regime tend to decrease with an increase in D50 from about 0.15 mm. This trend of behaviour is linked to the fact that, after the rate-independent unstable behaviour due to the stick/slip phenomenon becomes frequent in the post-peak regime, the value of bDS upon a step increase in · s tends to become ultimately zero. It should be noted however that these unstable behaviour and its eŠects on the viscous properties are likely to be aŠected by the ratio of the mean particle size to the specimen size.
CONCLUSIONS
The following conclusions can be derived from the DS test results and their analysis presented in this paper: 1) The poorly graded granular materials exhibited noticeable rate-dependent shear stress (tvh)-shear displacement (s) behaviour. The following diŠerent viscosity types were observed according to the particle shape, while the viscous properties gradually changed as s increased for a wide range from the prepeak hardening regime to the post-peak strain softening regime towards the residual state: a) The relatively angular granular materials exhibited the socalled TESRA viscosity in the pre-peak regime. The viscosity type changed to the Positive & Negative (P&N) viscosity in the post-peak regime and at the residual state; and b) The relatively round granular materials exhibited the P&N viscosity already in the pre-peak regime, which remained so but accompanied by rate-independent unstable behaviour in the post-peak strain-softening regime and at the residual state.
2) The unstable behaviour, which is due seemingly to the so-called stick/slip phenomenon, became more predominant with more round poorly graded granular materials and became most predominant with uniformly graded glass beads. The particle size had a direct in‰uence on this trend of behaviour.
3) The ‰ow characteristics of unbound angular and round granular materials were basically rate-independent, indicating that it is relevant to express the ‰ow characteristics in terms of the inviscid stress component according to the non-linear three-component model. 4) By introducing several assumptions, the values of the rate-sensitivity coe‹cient b 13 deˆned in terms of the major and minor principal stresses, s1 and s3, were estimated from the values of the rate-sensitivity coe‹cient bDS deˆned in terms of the shear and normal stresses, tvh and sv, that were evaluated by the DS tests. These estimated values of b 13 were very similar to those directly measured by the TC and PSC tests. Therefore, the quantiˆcation of the viscous property by the rate-sensitivity coe‹cient b13 is relevant and rather general. 5) With poorly graded granular materials, the b 13 values evaluated by the DS, TC and PSC tests are rather independent of particle size while the b13 value decreased as the particle became more round.
